In this paper, we have conducted classical molecular dynamics simulations for DWCNTs of various wall lengths to investigate their use as ultrahigh frequency nano-mechanical resonators. We sought to determine the variations in the frequency of these resonators according to changes in the DWCNT wall lengths. For a double-walled carbon nanotube resonator with a shorter inner nanotube, the shorter inner nanotube can be considered to be a flexible core, and thus, the length influences the fundamental frequency. In this paper, we analyze the variation in frequency of ultra-high frequency nano-mechnical resonators constructed from DWCNTs with different wall lengths.
INTRODUCTION


Many studies have been conducted on CNTs since the discovery of the carbon nanotube (CNT) in 1991. Recently, the mechanical movement of single-walled or multi-walled CNTs has been actively investigated because CNTs can be applied as a basic material to develop nanosized devices, nano-electronic circuits, and nano-composite materials [1] .
CNTs have excellent mechanical, electrical, thermal, and chemical characteristics, and as a result, it is expected for CNTs are be used as next-generation materials in a number of industries, including IT, alternative energy, and composite materials.
Molecular dynamics simulations are extensively used these days because it is very difficult to conduct actual experiments at the nano-scale [2] . Therefore, computer simulations are drawing attention as next-generation experimental platforms. Mechanical resonators play a key role [3] because if the size of the resonator is reduced, the frequency of resonant increases and less energy needs to be consumed [4] . For sensors, high resonance frequencies are synonymous with a high sensitivity [5] , and in wireless communication, high-frequency resonators are applicable in high-frequency filters, oscillators, and mixers (among others).
New studies have been conducted in these areas as high-frequency nano-electromechanical systems are further developed, and resonators and oscillators that use CNTs have been recently investigated [6, 7] . The vibrations of CNTs and the amplitude of the thermal vibrations of a CNT with a tip hanging from the wall are currently being studied to predict the Young's modulus of the CNT [8] .
CNTs possess ideal characteristics, such as a high elastic modulus and thermal conductivity, and these ideal characteristics along with their nano-meter size and perfect atomic structure, make CNTs a promising material to build components for high-frequency oscillators targeting nanoelectromechanical systems for signal processing applications.
Double-walled carbon nanotube (DWCNT) resonators have different mechanical structures than SWCNT resonators due to the interlayer interactions that are characterized by the van der Waals (vdW) potential for carbon. Jiang et al. [2] used classical MD simulations to study the energy dissipation of cantilevered singe-walled CNT oscillators. A DWCNT can be fabricated with a short outer wall by thinning and opening the DWCNT through oxidation with carbon dioxide [3] and by burning the outer wall using an electric current. A DWCNT with a short inner wall can be fabricated through the nano peapod-to-DWCNT transition [9] .
A short inner CNT functions for the DWCNT resonators, and their basic frequency is affected by their length, so this paper proposes a new method to analyze the frequency of a nano-sized resonator using DWCNTs. The proposed method for frequency analysis is expected to be widely applicable for implementation with various frequency devices that control the length of inner or outer CNTs. Furthermore, the proposed method analyzes the ultrahigh frequency characteristics of the nano-sized resonators by applying atomic unit modeling to DWCNTs with different lengths. The results are then analyzed to apply this method for devices of various frequencies. The results of the analysis indicate that the DWCNT resonators with various wall lengths can be used to develop design guidelines to produce very fine synchronizers [10 -13] .
FREQUENCY CHARACTERISTICS
Jiang et al. carried out simulations of classical molecular dynamics (MD) to investigate the energy consumption from the oscillations of CNTs with a hanging tip [7, 14] . Furthermore, studies have reported results on the vibration characteristics of DWCNT resonators using the continuum model method [15, 16] . However, these studies used DWCNTs that have the same lengths of the inner and the outer CNTs, and in fact, resonators based on the CNTs can use DWCNTs with different CNT lengths [17, 18] . However, no studies have yet been conducted for DWCNTs with different lengths of inner and outer CNTs [19 -21] .
In this paper, we performed the MD simulations aimed at different ends hanging DWCNT resonator has the length (cantilever mode). Accurate experiments on the inter-wall distance of DWCNTs have indicated that this value can change from 3.0 Å to 5.4 Å [22] . However, the CNT distance that offers a high level of stability is mainly 3.5 Å [23] . This study uses 5.0 and 14.0 DWCNTs to analyze the properties according to the different lengths with a CNT space of 3.4 Å. This CNT space was selected because it is the best size to produce stable DWCNTs, and as a result, new information has been discovered regarding the basic frequency according to differences in the CNT length [24 -27] .
The MD simulations were conducted for two cases. In the first case, the inner length (5.0) CNT was fixed at 5 nm (LI), and the outer length (14.0) CNT changed. In the second case, the outer (5.0) CNT was fixed at 5 nm while the inner (14.0) length changed from 0 to 10 nm.
It is important to use an appropriate atomic interaction model equation for molecular dynamics simulations. The atomic combination between carbon atoms in a singlewalled carbon nanotube forms a covalent bond that can generally be calculated using the Tersoff-Brenner potential, and so the atomic interaction model equation is the most important consideration for the model in the molecular dynamics simulation [28] .
The remote carbon interaction between the CNT walls is the van der Waals interaction, which can be modeled using the Lennard-Jones 12 -6 potential. The TersoffBrenner potential was used because the carbon atom maintains a covalent bond in the CNT [29] , and furthermore, the Lennard-Jones 12 -6 (LJ12-6) potential was used for the remote reaction of the carbon atoms while the data derived by Ulbricht was used for the parameters [30] . Fig. 1 and Fig. 2 show the resonant frequencies as a function of L5 and L10, and the contour of the resonant frequencies for L5 and L10, respectively. As shown in Fig. 1 and Fig. 2 , a peak in the resonant frequencies occurs for about 1 nm of DWCNT. The resonant frequencies are thus further reduced depending on the increase in length of L5 and L10. The resonant frequency curve of the ridge thus produces a peak at L10 = 7 nm.
RESULTS OF ANALYSIS
The resonance frequencies are almost constant when L5 ≤ L10, whereas decreasing resonance frequencies follow the frequency decrease trend of SWCNTs with increasing L5 when L5 > L10. These results show that when the inner wall is entirely encapsulated inside the outer wall, the vibration of the DWCNT is greatly influenced by the vibration of the outer wall. However, we note that the encapsulated inner wall is slightly influenced by the vibration of the corresponding DWCNT with the vdW interaction. The frequency change due to the differences in the CNT lengths corresponding to Fig. 5 and Fig. 6 . In order to induce a basic frequency according to change in the length, a frequency spectrum was obtained from data in Fig. 5 and Fig. 6 using the Fast Fourier Transform (FFT) as in Fig. 5 and Fig. 6 . As is shown in Fig. 5 , when LI = 5 nm, the basic frequency was observed to decrease as LO exceeded 4 nm. However, as in Fig. 6 , the basic frequency remained constant according to the increase in LI up to LI = 4 nm when LO = 5 nm and decreased when LI was longer than 5 nm. Fig. 7 shows the fundamental frequency according to the ratio of LI or LO. The fundamental frequency of the (14.0) CNT with an end of 5 nm length was almost twice that of the (5.0) CNT of the same length. In the case of the external (14.0) CNT with a length of 5 nm, the fundamental frequency increased moderately following the increase in the length of the interior (5.0) CNT to up to LI = 4 nm, but it decreased afterward. When LI = 5 nm, the trend in the frequency change conformed well to the Gauss distribution when the length of LO was between 2 -7 nm. In the case of the interior (5.0) CNT, the fundamental frequency increased moderately following the increase in the length of the external (14.0) CNT to up to LO = 4 nm but decreased afterward. According to the results the regression analysis of the MD simulation using the Gauss distribution, the maximum frequency of the (5.0)(14.0) CNT resonator with a length exceeding 5 nm was obtained when LO = 3.8 nm and LI = 5 nm. When LI or LO become longer than 5 nm, all of the frequencies showed a similarity despite their structural differences.
DISCUSSION
Fig. 7. Fundamental frequency analysis of the Nanotube resonator
For the structure used in the simulations of this paper, one of the corners of the interior and exterior walls is fixed and the other side moves freely. Hence, when the length of the exterior wall exceeds that of the interior wall, the shorter interior wall affects the vibration of the exterior wall. As a result, the fundamental frequency of the short interior wall increased slightly.
CONCLUSIONS
We conducted classical molecular dynamics simulations to investigate the behavior of ultrahigh frequency nano-mechanical resonators made of DWCNTs with various wall lengths, and we intended to determine the variations in the frequency of these resonators according to the DWCNT wall lengths. In this study, the changes in the basic frequency were analyzed for the DWCNT resonators with tips hanging from the wall and with different CNT lengths. MD simulations were conducted for 5.0 and 14.0 DWCNTs with a 10 nm or smaller length in order to analyze the basic frequency according to the changes in the DWCNT resonator. The results of the analysis were interpreted such that the DWCNT resonators can show various changes in their performance according to differences in chiral indices. The MD simulations indicate that devices with various frequencies can be implemented when the inner or outer CNT lengths change. Regarding a DWCNT resonator with a CNT that has a short outer part, the free tip plays a key role in the vibration of the long inner CNT. Meanwhile the short inner CNT acted as a soft core in all three boundary conditions, confirming that the basic frequency is affected by the length.
